Background. Acute changes in hemodynamics and oxygen delivery accompanying temporary occlusion of atrial defects in 14 patients after a fenestrated Fontan procedure were evaluated at a median interval of 32 days after surgery to identify candidates for permanent transcatheter closure of their defects.
In 1971, Fontan and Baudet' reported a new surgical technique for repair of tricuspid atresia in three patients. Since that original description, the Fontan procedure has undergone several modifications and has been used to treat many complex congenital heart lesions when repair into a two-ventricular system is not feasible. In patients designated to be at "low risk," the mortality has been reported to be as low as 3.7-17%, with relatively low morbidity. [2] [3] [4] [5] [6] [7] [8] In patients who are considered to be at greater risk, however, this procedure carries a mortality risk ranging between 17% and 75%, with significantly increased morbidity. [9] [10] [11] [12] [13] In an attempt to decrease the morbidity and mortality of this operation in the high-risk patient, Laks et al14,15 described a modification of the technique that entailed the creation of an externally adjustable interatrial communication to provide a controlled right-to-left shunt in the period immediately after surgery. Bridges et al '6 described yet another modification of the technique that entailed the creation of a persistent fenestration of the baffle that directs systemic venous return to the pulmonary arteries with subsequent transcatheter closure of From the Departments of Pediatrics, Diagnostic Imaging, and their atrial communications using an experimental atrial-septal defect (ASD) clamshell occluder device (USCI Division, C.R. Bard Inc., Billerica, Mass.). The purpose of both of these modifications is to allow a persistent right-to-left shunt of systemic venous return, maintaining systemic blood flow (Qs) while lowering right atrial (RA) pressure at the expense of systemic arterial desaturation. Use of these modifications resulted in lower morbidity and mortality in high-risk patients and has significantly decreased the duration of postoperative confinement in the intensive care unit and the hospital.l7,lR The purpose of our investigation was to define the physiological changes that occurred during acute occlusion of the fenestration in a similar group of patients during postoperative catheterization for attempted transcatheter occlusion of the residual atrial communication. We sought to test the hypothesis that closure of the fenestration results in a decrease in cardiac output that is "balanced" by an increase in arterial oxygen saturation (Sao2) and concentration (Cao2) such that systemic oxygen transport (SOT) remains unchanged.
Methods

Patient Population
From October 1989 to September 1991, 14 patients who had previously undergone a fenestrated Fontan operation at Yale-New Haven Medical Center underwent cardiac catheterization with complete hemodynamic evaluation before and after balloon occlusion of the fenestration. The age, weight, diagnoses, risk factors for the Fontan procedure, operative techniques, and size of fenestration are shown in Table 1 . A detailed analysis of the preoperative data that identify these patients to be at high risk and the perioperative data that demonstrate decreased morbidity in 10 of the 14 patients has been published elsewhere.'7 The median age at the time of the catheterization was 3.3 years (range, 9 months to 33 years). The median weight was 15 kg (range, 7.9-69 kg), and the median interval from surgery was 32 days (range, 9 days to 3 years). Three patients underwent closure 1-3 years after surgery early in our experience because of lack of availability of the closure device. One of these patients suffered a stroke before closure.
Protocol
Each patient underwent a complete right and left heart catheterization after appropriate sedation and analgesia. Eleven patients received Demerol (1.5 mg/kg i.m.) and Vistaril (3 mg/kg i.m.) before catheterization. Three of the 14 procedures were performed under general anesthesia (two of these patients required transesophageal echocardiography for proper placement of the device, and one patient had to have the device placed via the right internal jugular vein). Systemic anticoagulation was achieved by administration of heparin sulfate (100 units/kg) with subsequent doses given to maintain an activated clotting time >200 seconds. Baseline measurements of the RA, left atrial (LA), and aortic pressures, mixed venous (Smvo2) and aortic (Sao2) oxygen saturations, blood gas tensions and pH, and whole-body oxygen consumption (Vo2) were made. After baseline measurements, a double-lumen endand side-hole pressure-measuring balloon catheter (Arrow International, Inc., Reading, Pa.) was introduced across the fenestration, and the defect was balloon occluded with the balloon inflated with dilute contrast. The distal catheter lumen remained in the LA, and the proximal lumen remained in the RA. After occlusion for 10 minutes, repeat measurements of the above-mentioned variables were made. The balloon was then deflated and the double-lumen catheter was removed. Angiography was performed in the RA to identify the anatomy of the fenestration and the pulmonary arteries. The fenestration was then closed with the ASD closure device. This protocol was approved by the institutional human investigation committee, and informed consent was obtained from each patient.
Measurements
Phasic and mean pressures were measured simultaneously in the LA, RA, and aorta by use of a fluid-filled pressure manometry system (Baxter 51-MK9851 disposable transducers) and recorded separately on a multichannel recorder (Electronics for Medicine). Blood gas tensions and pH were measured by standard electrodes at 37°C (Corning 168) and corrected to body temperature. Hemoglobin oxygen saturation was measured with a microoximeter (Radiometer OSM2). Hemoglobin concentration was measured before catheterization by a modified cyanomethemoglobin method (Coulter, STKS); it was checked during the procedure with the microoximeter and was constant throughout the catheterization. Estimated blood loss between the measurements made before and after occlusion averaged less than 10 cm'. V02 was measured by use of a flow-through system in which ambient air was drawn at a constant rate through a face mask and mixed with expired gas from the nose and mouth. The fractional concentration of oxygen was monitored continuously for calculation of oxygen consumption as described previously. 19 
Calculations
Arterial and mixed venous blood oxygen concentrations (Cao2, CVO2, in milliliters of oxygen per deciliter) were calculated from the Po2 (mm Hg), fractional hemoglobin oxygen saturation (So2x0.01), and hemoglobin (Hb, in grams per deciliter) as:
Cao2,Cvo2=[1.34 x Hbx (So2x0.01)]+(0.003 x Po2) (1) where 0.003(ml 02/dl plasma mm Hg) is the Bunsen solubility coefficient for oxygen in plasma at 37°C.
Qs, in liters per minute per square meter, was calculated with the Fick equation, from oxygen consumption (Vo2, in milliliters of oxygen per minute per square meter), Cao2, and Cvo2 as:
(2) SOT, in milliliters of oxygen per minute per square meter, was calculated from its definition:
Whole-body fractional oxygen extraction was defined as:
Cao2-Cvo2 Vo2 Oxygen extraction= CaO 2 =SO Cao2 SOT (4)
Statistical Analysis
All results are given as mean+SD to compare results before and after balloon occlusion by paired t test and ANOVA. To achieve statistical significance, the probability value was set at 0.05.
Results
Individual hemodynamic and metabolic data obtained for the 14 patients are presented in Table 2 . Five patients were found to have additional sites of intracardiac right-to-left shunting separate from the fenestration created by the surgeon. In two of these patients, the additional defect was felt to be large enough to allow a significant right-to-left shunt, and these defects were closed with a transcatheter ASD occluder device before data determinations were made. As expected, Sao2 rose significantly in all patients to normal or near-normal values with balloon occlusion of the fenestration and elimination of the right-to-left shunt (Sao, before occlusion, 84±6%; after occlusion, 95±3%; p<0.0001). The change in Smvo2 was variable, and there was not a significant change for the grouped data (before occlusion, 52±13%; after occlusion, 51±+ 12%).
RA pressures did not change significantly with balloon occlusion (11.8+±2.9 mm Hg before occlusion, 12.3 ±3.2 mm Hg after occlusion). LA pressures before and after occlusion were available in nine of the 14 patients. LA pressure fell in five, increased in one, and was unchanged in three patients. For the entire patient group, the LA pressure showed a significant decline (before occlusion, 5.1±3.6 mm Hg; after occlusion, 3.7±2.2 mm Hg; p<0.05).
Vo2 did not change with occlusion (155±16 ml O2' min' . m-2 before occlusion; 158± 19 ml 02 *min-m-2 after occlusion). Qs fell in every patient (Figure 1 ). For the group, the initial cardiac index of 2.4±0.7 1l min-1m-2 fell to 1.8±0.4 1l min' m-2 (p<0.0001) with occlusion of the atrial defect. This represented an average decline of 23.5±11.5%. SOT fell in 11 of the 13 patients in whom it could be calculated (Figure 2 ). The initial SOT of 425± 154 ml 02min' * m-2 fell to 366±112 ml 02/m2 (p<0.0005), an average decline of 12±11%.
Fractional oxygen extraction rose from an initial value of 0.40±0.12 to 0.46±0.13 (p<0.005) after occlusion.
The response to balloon occlusion was felt to be "acceptable" in 13 of the 14 patients, and these patients underwent successful transcatheter closure of the fenestration with a clamshell occluder device. Patient 9 had a 42% decline in cardiac output, a 34% decline in SOT, and a 3-mm Hg increase in RA pressure. Angiography showed severe left pulmonary artery stenosis, and balloon angioplasty was performed, with significant improvement in the left pulmonary artery diameter. Permanent closure of the fenestration was deferred.
Repeat catheterization 3 months later showed persistent relief of the left pulmonary artery stenosis. Repeat balloon occlusion of the fenestration showed acceptable changes: Qs declined 30%, SOT declined 19%, and RA pressure increased by 2 mm Hg, and the fenestration was closed with a clamshell device. With linear regression, we could not identify any predictive relation between any of the measured variables (Smvo2 before and after occlusion, RA and LA pressure before and after occlusion, the difference between the RA and LA pressures before and after occlusion, the number of days after surgery, or the age of the patient) and the fall in Qs. None of these patients developed pleural or pericardial effusions after closure of the fenestration. Discussion The concept of either 1) allowing a right-to-left atriallevel shunt to persist as part of surgical repair of congenital heart disease or 2) actually creating an ASD in the setting of RA hypertension, inducing a right-to-left shunt, has been advocated in a few selected clinical situations. Edwards and Bargeron20 described a technique for delayed ligation of the azygous vein when performing a Glenn shunt in infants <6 months of age. When the azygous vein was allowed to remain open, the superior vena cava was effectively decompressed in the immediate postoperative period in this group of patients, who may have physiological elevation of pulmonary vascular resis- The hemodynamic difficulty associated with "Fontan physiology" is that the separation of the venous and arterial circulations means that the entire systemic venous return must traverse the pulmonary circulation. This flow can be impeded by multiple factors, including 1) increased pulmonary vascular resistance, 2) branch pulmonary artery stenosis, 3) a left-sided pumping chamber that is noncompliant or poorly contracting, and 4) stenotic pulmonary veins. As the systemic circulation is usually normal in these situations, right-sided flow is the major determinant of cardiac output. The major problem after surgery leading to high mortality is low cardiac output. In addition, elevated RA pressures immediately after surgery lead to significant fluid accumulation and increased morbidity. Leaving or creating a right-to-left atrial-level shunt has the benefit of augmenting LA return and therefore Qs and reducing the RA pressure. However, the larger the shunt, the greater the degree of systemic desaturation. The assumption inherent in this procedure is that the augmentation of cardiac output will be sufficient to balance the decline in arterial oxygen content such that tissue oxygenation (SOT, Equation 3) will be maintained at adequate levels. However, none of the previous reports actually measured oxygen transport variables, and the assessment of the adequacy of the atrial shunt in maintaining Qs and oxygenation was based on increased survival and improved postoperative course.
It was our intention to measure the effects of fenestration occlusion on oxygen transport variables and oxygen consumption to better define these changes and help predict which patients can tolerate permanent fenestration closure and how they compensate for the decrease in cardiac output. We found that cardiac output fell by an average of approximately 24%, and aortic saturation and concentration increased by only 13%. This increase was insufficient to balance the fall in cardiac output, and systemic oxygen delivery (SOT, Equation 3) fell. Thus, acute closure of the fenestration resulted in decreased oxygen availability to the peripheral tissues and heart.
As the whole-body oxygen uptake (Vo2) did not change, the patients compensated for the decrease in oxygen delivery by altering oxygen extraction. The major compensation available to the peripheral tissues to maintain metabolic rate in the face of a declining oxygen delivery is to increase oxygen extraction (Vo2=SOTxoxygen extraction). As noted, we found a significant rise in the whole-body extraction ratio. In normal resting human infants and adults, the fractional oxygen extraction is in the range of 0.21.3324 Our patients had an elevated oxygen extraction (0.40) before fenestration occlusion, and this rose further after occlusion (0.46). This high resting oxygen extraction ratio has great potential significance for these patients in terms of their ability to exercise. The two major adaptations to meet the metabolic demands of exercise are the ability to increase heart rate (to increase cardiac output) and the ability to increase whole-body oxygen extraction. Normally, children can increase oxygen extraction threefold to fourfold, a response comparable to and equally as important as the increase in heart rate. The postoperative patients in our study will obviously have a limited ability to exercise, because they can at most double their oxygen extraction. Closure of the fenestration eliminates the right-to-left shunt, thus minimizing the risk of paradoxical embolization and stroke. This is done at the expense of decreased cardiac output and systemic oxygen delivery, resulting in a significant increase in wholebody oxygen extraction with a decrease in the reserve capacity for exercise. Therefore, it is not clear whether closure of the fenestration is of benefit to these patients. The answer to this difficult question awaits long-term studies, including exercise evaluation before and after - Although we found no significant change in RA pressure for the entire group with balloon occlusion of the fenestration, eight of the 14 patients showed some increase. It is likely that if no fenestration had been left in these patients, the RA pressure would have been significantly higher immediately after surgery. '7 This probably results from a combination of transient factors that elevate pulmonary vascular resistance in the immediate postoperative period, including anesthesia, atelectasis, pulmonary contusion, positive-pressure ventilation, and transfused blood products. RA pressure alone may not be a good indicator for increased impedance to flow through the pulmonary circulation, as an elevated [A pressure may also contribute. In the two patients with the highest RA pressure after occlusion (patients 5 and 11), the left ventricular end-diastolic pressure was elevated before surgery. This probably restricted the flow through the fenestration, minimizing the right-to-left shunt and the augmentation of Qs, as evidenced by the lower Qs in both of these patients before fenestration closure. Correspondingly, these patients had small decreases in Qs with closure of the defect, allowing for a small increase in SOT as arterial saturation rose to normal. These patients had no evidence of fluid accumulation or systemic venous congestion after closure of their fenestration. In patient 9, who we thought was not tolerating balloon occlusion, RA pressure did increase by 3 mm Hg. This patient also had the largest percent decrease in cardiac output (42%). In Bridges et al's16 study, the four patients who failed test occlusion had a marked rise in RA pressure (4-6 mm Hg). These were also associated with the largest decreases (31-56%) in estimated cardiac output (larg- est increases in Cao2/Cvo2). Obviously, elimination of the right-to-left atrial shunt in these patients results in an inability to increase flow through the pulmonary circuit, leading to the combination of decreased cardiac output and increased RA pressure. Currently, we do not permanently close a fenestration in any patient who has a >30% decrease in cardiac output associated with a significant increase in RA pressure. This procedure is now performed from 1 to 3 months after surgery. A major limitation of the current study is that the hemodynamic and metabolic variables were measured under acute circumstances. It remains to be seen whether there are longer-term adaptations that these patients may use. For example, blood volume expansion with time may result in an increase in cardiac output. This may be at the expense of even further elevation of the RA pressures. This can only be determined by more chronic studies of these patients. Also, it will be impor- tant to determine whether there are any long-term differences between patients who have undergone fenestrated versus nonfenestrated Fontan operations, or whether the sole advantage of this modification in the technique is the important improvement that has been demonstrated in immediate surgical survival and morbidity. 17, 18 In summary, we found that balloon occlusion of the atrial defect in the fenestrated Fontan operation results in an immediate increase in aortic saturation with decreased cardiac output. This results in a variable response in mixed venous oxygen saturation. The increase in aortic saturation does not fully compensate for the decrease in cardiac output, and systemic oxygen delivery decreases in the vast majority of patients. Decreased oxygen delivery is acutely compensated by increased oxygen extraction, such that whole-body oxygen consumption is unchanged. The long-term benefits of closure of these fenestrations are yet to be shown.
